has not been fully understood.
On the other hand, Ross et al. have suggested that platelet-derived growth factor (PDGF) plays an important role in atherogenesis (Ross et al. 1974 ; Ross and Glomset 1976) . Since then, other kinds of growth factors such as epidermal growth factor (E GF) and somatomedin-C (Sm-C) have also been expected to play a role in atherogenesis because these growth factors are potent mitogens (Gospodarowicz et al. 1981 ). The biological effects of growth factors on vascular smooth muscle cells (SMCs) could be related to cytosolic free calcium, because some functions of growth factors in cultured cells in vitro have been reported to be dependent on the change in cytosolic free calcium concentration Moolenaar et al. 1984 ; Morris et al. 1984; Nishizuka 1984) . The relationship between cytosolic free calcium and the proliferation of SMCs, however, has not been fully elucidated. This study aims to investigate the role of cytosolic free calcium in the growth factor-stimulated proliferation of SMCs, which is a prominent feature in an atherogenic process, and also to investigate the effect of calcium antagonist on the proliferation of SMCs stimulated by growth factors.
MATERIALS AND METHODS

Chemicals
PDGF and EGF were obtained from Collaborative Research (Lexington, MA, USA), quip 2/AM from Wako Pure Chemical Industries (Osaka), ionomycin from Carbiochem (La Jolla, CA, USA), [3H]thymidine (2 Ci/mmole of specific activity) from New England Nuclear (Boston, MA, USA) and digitonin from Nakarai Chemicals (Kyoto). Sm-C and nifedipine were gifts from Fujisawa Pharmaceutical Co., Ltd. (Osaka) and Bayer (Leverkusen, FRG), respectively. The amount of PDGF was expressed as the half-maximal unit. One unit of PDGF is defined as the amount which provokes 50° of the maximal increase in [3H] thymidine incorporation of 3T3/BALB cells induced by large amount of PDGF.
Cell culture
SMCs were isolated from aortic media of 5 week-old male Wistar rats according to the method as described elsewhere . Briefly, small explants were aseptically cut off from the thoracic aorta, placed on plastic dishes and were subjected to culture in medium 199 supplemented with 20° of fetal calf serum (FCS) in an atmosphere of 5° CO2 and 95° air at 3TC until cells migrated from the explants. The explants were removed and culture was continued until cells became confluent. Confluent cells were detached with trypsin (0.125%)/ethylenediamine tetraacetic acid (EDTA ; 0.005%) solution, and subcultured in minimal essential medium (MEM) supplemented with 10° of FCS. Growth of cells started 1 day after the beginning of subculture and the generation time was approximately 24 hr. These cells showed a spindle-shaped appearance, and when continuously cultured without subcultures, they showed a "hill-and-valley" appearance, which is considered to be characteristic of SMCs. Cells at 8th to 10th passage were used for the experiments.
The cell number was counted with an automatic cell counter (Toa CC-108, Kobe), after SMCs were detached with 100,ul of trypsin/EDTA solution and were suspended in the diluent (CE-310, Toa, Kobe).
Measurement of DNA synthesis
Confluent SMCs were detached with trypsin/EDTA solution, suspended in MEM with 10% FCS and inoculated onto 96-multiwell plates (0.32 cm2/well; Nunc, Kamstrup, Denmark). The cells were incubated until they became confluent after approximately two days. Growth of the cells was arrested for 24 hr by substitution of MEM with 0.1% FCS for the previous medium. Nifedipine or vehicle was firstly added and each growth factor was then added to the medium. [3H] thymidine was finally added to give the concentration of l ,u Ci/ml. After the incubation for 36 hr, medium was discarded and cells were washed with ice-cold phosphate buffered saline without containing Ca++ and Mg++ and subsequently incubated in ice-cold trichloroacetic acid (TCA ; 5%) for 20 min. After removal of TCA, cells were lyzed with 50,ul of NaOH (0.5 N) and the cell lysate was titrated with the same volume of HC1 (0.5 N). Then, it was transferred to counting vial containing 1 ml of Pico-Fluor 15 (Packard Instruments, Downers Grove, IL, USA). Radioactivity of the mixture was counted with a liquid scintillation counter (Aloka LSC 700, Tokyo) and was considered to be the index of the amount of DNA synthesis.
Measurement of cytosolic free calcium concentration
Cytosolic free calcium concentration ([Ca++] i) was measured according to the method described by Tsien et al. (1982) and Capponi et al. (1985) . Confluent SMCs were detached with trypsin/EDTA solution, suspended in MEM with 10° FCS, and inoculated onto round glass coverslips with 13.5 mm in diameter and 0.12 mm in thickness. At confluency, SMCs were arrested for 24 hr by lowering the concentration of FCS to 0.1° . SMCs were incubated at 37°C for 20 min in 0.5 ml of MEM containing 30 IM of quin 2/AM. The medium was diluted by 4 times with MEM and the cells were incubated for another 30 min. Afterwards, the cells were washed twice with simplified medium containing NaCI (145 mM), KC1(5 mM), Na2HPO4 (1 mM), CaC12 (1 mM), MgSO4 (0.5 mM), glucose (5 mM) and HEPES (10 mM). The monolayered cells attached to coverslips were inserted into quartz cuvettes (1 X 1 X 4.5 cm) which contains 1.3 ml of simplified medium prewarmed to 37°C. The cuvettes were then placed in a fluorescence spectrophotometer (Hitachi 650-1OS, Tokyo) and the fluorescence was measured using excitation wave length of 339 nm with 4 nm slit and emmission wave length of 492 nm with 10 nm slit. After growth factors with or without nifedipine were added and quickly mixed, fluorescence was serially measured once or twice per minute for 10 min. The period of exposure to excitation light was minimized to reduce photobleaching of quip 2. Preliminary experiments showed that the intensity of fluorescence decreased slowly by 15% of the initial intensity after incubation for 20 min. Be that as it may, decrease in fluorescence by photobleaching and the leak of dye was corrected with reference to time course change in fluorescence of the control cells without any treatments in each experiment. No obvious injury to cells was detected by microscopic observation at the end of experiment.
When fluorescence measurement was finished, 20 ,u M of digitonin was added to measure the intensity of fluorescence of SMCs in which cytosolic calcium was saturated (Fmax) (Moolenaar et al. 1984) . The intensity of fluorescence of calcium free quin 2 (F,,) was calculated according to the equation (Hesketh et al. 1983 ) ; Fm;n =0.16 X (Fmax -background) -background
The background, which means autofluorescence from cells and coverslips, was obtained by adding 0.5 mM of MnC12 (Hesketh et al. 1983 ). Finally, [Ca++] i was calculated according to the equation ;
[Ca++]i-Kdx(F-Fm;n)/(Fmax -F) where F was the measured intensity of fluorescence and Kd was 115 nM as determined by Tsien et al. (1982) .
Statistics
Data were analyzed with one-and two-factor analysis of variance. If statistically significant effects were found, Bonferroni's test was performed to isolate differences between groups. A p value of less than 0.05 was considered to be significant. All data are presented in the text, table and figures as means +s.E.
RESULTS
Effects of growth factors on DNA synthesis in SMCs
The arrested SMCs became quiescent, monolayered and roundshaped in appearance. When 10% of FCS was added to the quiescent cells, they started to grow again. These cells were found to incorporate a large amount of [3H] thymidine and to increase their number 36 hr after the addition of 10% of FCS, while cells in MEM with 0.1% FCS incorporated only a small amount of [3H] thymidine ( Table 1) .
The effects of growth factors on DNA synthesis were studied at 12, 24, 36 and 48 hr after treatments started (Fig. 1A) . In contrast to the small increase in DNA synthesis of the control SMCs at 48 hr, DNA synthesis was significantly increased by the addition of PDGF, EGF and Sm-C, reaching plateau after 36 hr. As shown in Fig. 1B , PDGF and Sm-C enhanced DNA synthesis in a dose-dependent manner after 36 hr incubation. EGF also enhanced DNA synthesis, and the effect was maximal at 1 ng/ml. Number of cells treated with PDGF, EGF and Sm-C also significantly increased ( Table 1) .
Effects of growth factors on cytosolic free calcium concentration in SMCs
When SMCs were incubated with 3011M of quip 2/AM for 20 min, the intracellular concentration of quin 2 reached 2 to 4 mM, and sufficient intensity of fluorescence and stable values of cytosolic calcium concentration were obtained. [Ca++] i in quiescent SMCs was 178±18 nM (n =15). Fig. 2 shows the changes in [Ca++] i of SMCs when PDGF (1 unit ml), EGF (100 ng/ml) and Sm-C (100 ng/ml) were given. Immediately after the addition of EGF, [Ca] i increased and became maximal within 2 min (peak value ; 481 ± 61 nM), then it gradually fell. When PDGF was added, [Ca++] i quickly increased, became maximal at 3 to 4 min (peak value ; 290+21 nM) and then gradually fell to the baseline level within 10 min. In contrast, Sm-C did not affect [Ca++] i of SMCs.
Effects of nifedipine on DNA synthesis and cytosolic free calcium concentration of SMCs Open columns represent the peak values of cytosolic free calcium concentration after the addition of PDGF (1 unit/ml ), EGF (100 ng/ml) and Sm-C (1OC ng/ml). Dotted columns represent the peak values when nifedipine (3 x 10_E M) was simultaneously added. Mean+s.E. from 4 experiments. * p <0 .05. ~' p <0.05, ft p <0.01 vs. control without nifedipine.
DISCUSSION
In the present study, we demonstrated that EGF provoked both the enhancement of DNA synthesis and the increase in cytosolic free calcium concentration in cultured vascular SMCs. Cytosolic calcium has been shown to regulate some important cellular functions such as secretion of biological products, muscle contraction, proliferation and gene expression in various types of cultured cells (Campbell 1983; Hesketh et al. 1983 ). Our results indicate that cytosolic calcium might be involved also in the proliferation of vascular SMCs provoked by EGF, because pretreatment of the cells with calcium antagonist, nifedipine, suppressed both the enhancement of DNA synthesis and the increase in cytosolic calcium concentration provoked by EGF.
PDGF also enhanced DNA synthesis of SMCs with accompanying the increase in cytosolic free calcium concentration.
The effect of nifedipine on the PDGFinduced increase in DNA synthesis was, however, somewhat different from that by EGF. Although the increase in cytosolic free calcium concentration was suppressed by nifedipine, the increase in DNA synthesis was not suppressed. To explain the discrepant result, two possibilities must be considered. First, there might be another mechanism independent of cytosolic free calcium for the promotion of DNA synthesis by PDGF. A possible mechanism is an activation of protein kinase C through the generation of diacylglyceride (Takai et al. 1979; Kishimoto et al. 1980 ; Kakibuchi et al. 1981 ; Berridge and Irvine 1984; Nishizuka 1984) . Protein kinase C has been reported also to be a promotor for DNA synthesis in cultured fibroblasts (Tupper et al. 1980 ; Rozengurt et al. 1984) . Therefore, lacking of an inhibitory effect of nifedipine on PDGF-induced increase in DNA synthesis might be explained by the hypothesis that an activation of protein kinase C caused by PDGF is enough to promote DNA synthesis in SMCs. This idea is further supported by the evidence that activation of protein kinase C by synthetic diacylglyceride or phorbol ester elicites the biological response in human platelets without accompanying the calcium mobilization Yamanishi et al. 1983 ; Nishizuka 1984) . Moreover, Rink et al. (1983) have directly confirmed that neither diacylglycerol nor phorbol ester evokes the increase in cytosolic free calcium concentration in human platelets. In contrast to PGDF, Hesketh et al. (1985) demonstrated that EGF increases cytosolic free calcium concentration in 3T3 fibroblasts without accompanying inositol phospholipid breakdown nor activation of protein kinase C. Second, the possibility must be considered that calcium release from intracellular stores, which might have been masked due to the calcium chelating effect of quin 2 (Tsien 1980) , might contribute to DNA synthesis provoked by PDGF. It has been shown that PDGF binds to the receptors in 3T3 fibroblasts, leads to inositol phospholipid breakdown in the cell membrane and generates inositol trisphosphate which releases calcium from the intracellular stores (Berridge and Irvine 1984; . Nifedipine is known to act on calcium channels in cell membrane and is considered to have no effect on the calcium release from the intracellular stores. Thus, nifedipine might not be effective on the action of PDGF.
In the present study, Sm-C was found to increase DNA synthesis without accompanying the increase in cytosolic free calcium concentration.
Moreover, nifedipine did not affect the enhancement of DNA synthesis induced by Sm-C. These results indicate that calcium mobilization is not involved in the mechanism of action of Sm-C on DNA synthesis. However, the possibility could not be excluded that the calcium chelating effect of quip 2 (Tsien 1980 ) might have suppressed the increase in cytosolic calcium concentration induced by Sm-C, although quin 2 has been shown to be useful to detect a rapid change in cytosolic free calcium concentration in a number of cell types in culture. Further studies will be required using another method for the measurement of cytosolic free calcium concentration.
Other problems of quin 2 are cytotoxicity and leak of the dye from cytosol, which may make accurate measurement of cytosolic free calcium concentration difficult. These limitations in methodology, however, should be minimal, when quin 2 is used to detect the change in cytosolic free calcium concentration which occurs in a short time. Therefore, we limited the time for measurement of fluorescence to 10 min to minimize the undesirable effects of quin 2. In the present study, both PDGF and EGF actually provoked a rapid increase in cytosolic free calcium concentration which was maximal within 1 to 3 min after the administration of PDGF and EGF. We also avoided the potential error of the measurement by correcting the decrease in the intensity of fluorescence with reference to the simultaneous measurement of fluorescence from SMCs without any treatments at each experiment.
Direct evidence to indicate the participation of cytosolic free calcium in DNA synthesis of SMCs has not been provided, although mitogenic effect of calcium ionophore in lymphocytes was reported (Luckasen et al. 1974 ; Maino et al. 1974; Lyall et al. 1980 ). We failed to show the enhancement of DNA synthesis in SMCs, because only toxic effect was observed at 36 hr after the addition of ionomycin (10-8-10-6 M) (data not shown) in spite of the rapid and sustained rise in cytosolic free calcium concentration in SMCs. Further studies will be required to elucidate this point.
In the present study, the increase in cytosolic free calcium concentration provoked by EGF and PDGF was only transient, while the increase in DNA synthesis occured much later than calcium mobilization. The mechanism which may link these two events remains to be elucidated. The transient increase in cytosolic calcium concentration provoked by PDGF and EGF seems to exert a triggering effect on the initiation of DNA synthesis of SMCs. Actually, Nilsson et al. (1985) have shown that DNA synthesis of SMCs was not suppressed when SMCs were pretreated with PDGF at 30 min before the addition of nifedipine, while DNA synthesis was suppressed when SMCs were simultaneously treated with PDGF and nifedipine. The transient, not sustained, increase in cytosolic free calcium may be enough to promote DNA synthesis of SMCs. Recent investigations have suggested the role of cytosolic free calcium in the development of atherosclerosis. The mechanisms include the increase in endocytosis of macromolecules into vascular endothelial cells (Shasby et al. 1985) , the adverse effect of oxygen free radicals on vascular endothelial cells (Hirosumi et al. 1988 ), enhanced platelet aggregation (Barnathan et al. 1982; Johnson et al. 1985; Nagakawa et al. 1986 ), and enhanced cellular growth and migration of SMCs (Nakao et al. 1983; Nilsson et al. 1985) . The results presented in this study also suggest that cytosolic free calcium might be involved in atherogenesis through the effect on the proliferation of SMCs provoked by EGF and possibly by PDGF.
In conclusion, the transient rise in cytosolic free calcium concentration might play an important role in the proliferation of SMCs stimulated by EGF, while the rise in cytosolic free calcium concentration might not be involved in the mechanism of proliferation of SMCs provoked by Sm-C. The role of cytosolic free calcium in the proliferation of SMCs provoked by PDGF was not definitive and another factor might participate in the mechanism. 
